Introduction
Graves' disease is the most common cause of hyperthyroidism with a lifetime risk of 3% and 0.5% in women and men respectively (1) . The diagnosis is preceded by excess non-thyroidal morbidity and followed by increased comorbidity, somatic (2) as well as psychiatric (3) . In addition, subjects with hyperthyroidism have an increased risk of long-term sickness absence, unemployment, work disability, loss of labour market income and disability pensioning (4) . Therefore, it is no surprise that a recent meta-analysis, albeit based on studies with a number of shortcomings, found an excess mortality of approximately 20% in hyperthyroid subjects (5) . Subsequently, in a random 5% sample of the Danish population, we have demonstrated a 42% increase in mortality in patients diagnosed with Graves' disease as compared to the background population (6) . However, in that study, mainly due to inadequate power, we were unable to differentiate between patients with and without Graves' orbitopathy.
Graves' orbitopathy is the most common extrathyroidal manifestation of Graves' disease and has been reported to affect 5-20% of patients, out of whom approximately 5% are severely affected and primarily need immunosuppression with corticosteroids (7, 8) . Studies with limited numbers have suggested that the development of Graves' orbitopathy negatively influences daily life. Thus, patients have longer sick leave (9) and significantly reduced quality of life (10) . Other small studies have found it associated with increased psychosocial morbidity (11) . Of importance, the treatment modalities for Graves' orbitopathy, such as high-dose glucocorticoids, retrobulbar irradiation or surgery, may cause severe side effects. In fact, each of these treatment options has side effect profiles that may inflict physical and psychological morbidity and thereby increase mortality. Despite the previously mentioned considerations, we lack insight into whether the mortality risk associated with Graves' orbitopathy differs from that in Graves' disease without eye involvement. Accepting that Graves' orbitopathy is clinically the gravest manifestation of hyperthyroidism, we hypothesised that prognosis with respect to mortality in Graves' orbitopathy compared to Graves' disease without orbitopathy would be poorer.
Denmark has a long tradition for storing information on its citizens in nationwide registers, mainly for administrative use. This has resulted in various databases holding e.g., information on demographics, health and mortality (12) . Linking these databases provides a unique opportunity for large-scale, population-based investigations. We sought to address (i) whether the mortality in Graves' orbitopathy (GO) differs from that in the background population, (ii) whether there is a genderand/or age-related difference in mortality in patients with Graves' disease without orbitopathy (GD) and GO and (iii) whether the mortality differs between GO and GD.
Subjects and methods
This is a register-based observational cohort study utilising the databases described below, all of which are hosted at Statistics Denmark. By means of a unique 10-digit personal identification number, record linkage on an individual level between them is possible. Due to the register-based design, no informed consent was required.
Data sources
The Danish Civil Registration System (DCRS) contains information on demographics, vital status, date of death and residence of all persons living or having lived in Denmark (13) .
The Danish National Patient Register (DNPR) (14) contains information on all diagnoses from somatic hospital wards and/or outpatient admissions since 1995. Registrations of diagnoses are based on the Danish edition of the International Classification of Diseases, using the 10th revision (ICD-10) from 1994 and up until now.
The Danish National Prescription Registry (DNPrR) holds information on prescriptions of drugs dispensed from Danish pharmacies since 1995 (15) . Medical products are coded according to the Anatomic Therapeutic Chemical (ATC) Classification System. The registry covers information on the date of dispensing, ATC code, strength and quantity in defined daily doses. Law requires that Danish pharmacies register all prescriptions dispensed at an individual level to ensure partial reimbursement for drug expenses from the healthcare system. It follows that DNPrR constitutes a highly valid source of information for our purpose (2) .
Operational definitions
Utilising the DNPR, subjects with GO were defined by the ICD-10 codes H052 or H062, and subjects with GD by the ICD-10 code E050. Control subjects were defined by no history of either hypothyroidism or hyperthyroidism or GO. That is, subjects without any thyroid-related ICD-10 codes in DNPR and no evidence of treatment with thyroidrelated drugs (no ATC codes for dispensed prescriptions of thyroid hormone (H03A) or antithyroid drugs (H03B) in DNPrR).
Study population
To ensure inclusion of incident cases only, we used the first 6 months of 1995 as a washout period and thus excluded all cases appearing in DNPR with a thyroid diagnosis during this period. Figure 1 shows the selection of the study population. 3965 subjects with GO and 28 461 with GD were identified. Each of these subjects was randomly matched for age and gender with four control subjects.
Mortality
Information on the date of death was obtained from the DCRS.
Morbidity
In order to adjust for confounding, we used the Charlson score (CS) to control for pre-existing morbidity. The CS includes 19 disease categories; each assigned a score from 1 to 6, depending on its severity. The CS is the sum of the scores for all conditions on an individual level. The CS has been validated for different morbidities including benign disorders (16) and has been used in a number of publications investigating the long-term consequences of thyroid disease (2, 3, 6) . In the present study, we based the CS primarily on information from the DNPR. However, in Denmark, many patients with diabetes, cardiovascular diseases and lung diseases do not get diagnosed and treated in a hospital setting but are solely handled in primary care. As a consequence, we also based the CS on information from the DNPrR for these disease categories. Thus, we classified all users of anti-diabetics (ATC code: A10), cardiovascular-related drugs (B01, C01, C03, C07, C08, C09 or N02) and drugs for obstructive airway diseases (R03), registered in the DNPrR, as having diabetes, cardiovascular diseases or lung diseases respectively.
Statistical analysis
Group frequencies were compared with the Pearson χ 2 test, whereas group means and medians were compared by a t-test and the Mann-Whitney test respectively. We compared mortality rates in GO with those in the control subjects and the GD subjects and evaluated the effect of gender and age stratification. Mortality risk was evaluated by Cox's proportional hazard model, with time since diagnosis as the underlying time variable. Accordingly, person-years of follow-up were accumulated from the date of diagnosis and terminated at the date of death, emigration or the end of follow-up (31 December 2012), whichever came first.
In the analyses comparing mortality in GO and GD, immortal time bias could be present (17) . Based on the assumption that the GO diagnosis often follows the GD diagnosis, subjects with GO are immortal in the period between debut of GD and the GO diagnosis. To minimise this bias, analyses comparing mortality rates in GD and GO individuals were repeated after excluding GD individuals dead or lost to follow-up within 6 months after the thyroid diagnosis. The validity of the proportional hazards assumption was evaluated by the inspection of Schoenfeld residuals vs follow-up time (no significant associations were present). Significant differences were defined as a P value <0.05, using two-tailed tests. All analyses were conducted using STATA, version 14.1 (2015; Statacorp). Table 1 summarises the basic characteristics of cases identified with GD or GO and their control subjects. Both GD and GO subjects had a significantly higher level of pre-existing morbidity than did their respective controls (P < 0.001). In contrast, there was no statistically significant difference in the burden of pre-existing morbidity (evaluated by the CS) between the GD and the GO cases (P = 0.248).
Results

Basic characteristics
Mortality analyses
The hazard ratio (HR) for mortality in individuals with Graves' disease overall (both GD and GO), compared to the control population was significantly increased (HR: 1.53 (CI: 1.49-1.57); P < 0.001). This persisted, although attenuated after adjustment for pre-existing morbidity (HR: 1.18 (1.15-1.21); P < 0.001) ( Table 2) .
Looking at individuals with GD and GO separately the survival curves are shown in Figure 2 . The mortality risk in both groups was significantly higher than that in their respective control populations (HR: 1.19 (1.16-1.22) and HR: 1.23 (1.12-1.35) respectively; P < 0.001) ( Table 2 ). To further explore the impact of morbidity on the excess mortality in both GD and GO, we limited the analyses to subjects without any pre-existing morbidity, defined by CS = 0. This yielded essentially similar results (HR GD 1.18 (1.10-1.45) and HR GO 1.72 (1.38-2.15) respectively; P < 0.001). 
Effect of gender and age
Gender was profoundly related to mortality, both in GD and GO. Among GD patients, males had a significantly higher mortality than that in females (HR: 1.32 (1.25-1.40); P < 0.001 and HR: 1.16 (1.12-1.19); P < 0.001 respectively).
In GO individuals, the relationship between gender and mortality was even more pronounced, with a HR of 1.52 (1.30-1.78; P < 0.001) in males and a HR of 1.10 (0.98-1.23; P = 0.119) in females ( Table 2 ). The influence of age on mortality in GD and GO is summarised in Table 3 . Fiveyear mortality risk ratio did not change much over the decades for GD, but for GO, it was the highest in the youngest and decreased with increasing age.
Difference between GO and GD
The mortality risk in GO compared to GD was significantly decreased (HR: 0.64 (0.59-0.69); P < 0.001), although this effect declined after adjustment for pre-existing morbidity, age and gender (HR: 0.92 (0.85-1.00); P = 0.051). After restricting the analyses to GD cases alive and not lost to follow-up within 6 months after the thyroid diagnosis, results did not change significantly (HR (unadjusted): 0.75 (0.69-0.82); P < 0.001 and HR (adjusted): 1.07 (0.99-1.16); P = 0.107).
Discussion
In this large-scale nationwide cohort study, comprising more than 30 000 patients with Graves' disease, of whom nearly 4000 had GO, we found an 18% excess mortality in individuals with Graves' disease (GD + GO). This confirms our previous findings in a much smaller study population (1291 patients with GD) (6). More importantly, in the present study, we had ample power to investigate whether the mortality in GO differs from the background population and whether the mortality differs between GO and GD. Finally, we explored the influence of gender and age on mortality in patients with GD and GO. The mortality in patients with GO has not previously been evaluated in detail and hitherto the limited knowledge is primarily based on case stories and a small case-control study (18, 19) . These sparse data indicate an increased mortality in GO patients. However, they offer no evaluation of whether this could be due to GO per se, due to the burden of pre-existing morbidity, the treatment used for GO or whether the observed risk was higher than that in patients with GD. Here, we followed 3965 GO patients, over a median of 7.9 years and found a 23% increased mortality compared with an age-and gender-matched control population. The fact that the excess mortality remained significant after limiting the analyses to subjects without any pre-existing morbidity suggests that GO could be causally associated with increased mortality.
Our finding of a higher mortality in males than that in females is in line with existing knowledge on the manifestation and course of GD and GO. Thus, most (20, 21, 22) , albeit not all (23), have found a similar association between male gender and more severe disease and poorer prognosis. Indeed, it has been demonstrated that males with GD more frequently experience failure of medical treatment, are less likely to enter long-term remission (24) and have more severe GO (18, 19, 20) . The reason, perhaps, being poorer compliance and biochemical control, knowing that males are less frequent users of the healthcare system than are females (25) . The untoward consequence of this may be that males are diagnosed and started on treatment at a later stage than females. We cannot qualify this statement as our databases do not incorporate data on thyroid function variables, effect of treatment or evaluation of compliance. Moreover, smoking is a known risk factor for developing orbitopathy in GD patients and for aggravation of the condition in GO patients (26) . Although the current number of smokers in Denmark is nearly equally distributed between the genders, it was earlier very much dominated by males (Danish National Board of Health, www.sst.dk and the statistical bureau, www.dst.dk). For GD and GO appearing during 1995-2012, the relevant smoking exposure is decades earlier, at a time when smoking habits were skewed towards male dominance. Less obvious are our findings from the age stratified analyses. Early onset of GD has previously been associated with a biochemically more severe disease and a poorer prognosis (20, 24) . However, our study cannot verify that young GD patients have a higher mortality risk. In part, the explanation could be more intensive treatment of thyroid dysfunction in the young, as reflected by a higher referral rate of young patients to treatment in specialised units (27) . In contrast, GO has been described to be more severe at late onset (20, 21, 22, 23, 24) , and yet, we found an inverse relationship between mortality and age. However, it is important to point out that the relative effect of mortality due to GO (as for any other disease) decreases when the probability of dying increases with age. In other words, the huge mortality ratio in the young is mainly due to the otherwise very low probability of dying at <40 years of age.
We hypothesised that patients with GO would have a higher mortality than that in patients with GD. However, unexpected and unexplained, we found a decreased mortality in GO compared to that in patients with GD, although the difference attenuated after adjustment for age, gender and pre-existing morbidity, indicating that the two phenotypes, despite the huge numbers investigated, do not with certainty differ significantly (P = 0.051) in mortality risk. In a EUGOGO survey investigating how initial management and presentation of GO has changed over time (28) , it was demonstrated that during the last decade, patients are being diagnosed and referred earlier to tertiary centres and consequently treated more promptly. Perhaps early intervention and strict regulation of thyroid function are in part responsible for reducing mortality in GO compared to that in GD patients. Thus, as an example, mortality in hyperthyroid patients treated with radioiodine sufficient to induce hypothyroidism has been reported to reduce mortality to that of the background population (29) . In our cohort, patients with GO may have been more likely to receive definitive treatment (thyroid surgery or radioactive iodine), and hence, rendered euthyroid (with or without thyroxine therapy) more quickly than patients with Graves' disease without eye involvement. Unfortunately, the effect of treatment modality on mortality cannot be evaluated further as the available data sources do not include this kind of information.
It is well accepted that smoking is associated with aggravation of and a poorer prognosis in GO (26) . Importantly, counselling on smoking cessation has become central in the treatment of GO patients (30) . If this intervention has been successful, it may also have contributed to a decline in mortality compared to that in patients with GD. Although treatment with steroids may be harmful (19) , our finding of a similar mortality risk in GD and GO does not support that treatments given specifically to GO patients decreases life expectancy as compared to patients with GD.
The use of the Danish registers provided the possibility for large-scale investigation of a whole nation. Other strengths of our study include high power, the possibility of differentiating between Graves' disease patients with and without GO, the use of the standardised and validated CS to evaluate the degree of pre-existing morbidity as well as the relatively long follow-up time. On the other hand, there are also a number of limitations, including the risk of misclassification and the lack of detailed information on the severity of GO as well as lack of information on smoking habits, all of which deserve attention.
The registers used are robust and the DNPR, from which we identified our cases, has very high validity, with misclassification of thyroid diagnoses occurring in less than 2% of cases (15) . Furthermore, we found the prevalence of GO in Graves' disease patients to be approximately 12% in our study population, which is in line with what has been reported in other cohorts of patients with Graves' disease (8) . Accepting that the GD group may contain some erroneously diagnosed individuals (i.e. patients with toxic nodular goitre) and that the control population contains some individuals with undiagnosed or mild GD, our estimates of mortality as compared to the background population and of the difference in mortality between GO and GD are most likely underestimated. Furthermore, immortal time bias could lead to underestimation of the mortality risk in GO compared to that in GD (17) . Often a GO diagnosis is preceded by a GD diagnosis. As a consequence, when comparing mortality in GO and GD, bias is possibly introduced as mortality cannot occur in the time between the GD and the GO diagnosis. However, as our results did not change after excluding GD individuals dead or lost to follow-up within 6 months after the thyroid diagnosis, immortal time bias is unlikely to have affected our results significantly.
For GO, there are many different classification systems, much based on subjective assessment of the patient, which makes the definition of GO somewhat arbitrary. Unfortunately, we are not able to further categorise the severity and/or activity of our GO cases. In the present study, all cases with GO have been evaluated and diagnosed within specialised endocrine and/or ophthalmologic units in a hospital setting. Clearly, this may introduce a bias towards a high prevalence of GO cases with moderateto-severe GO in our population because many cases with mild GO will not be referred to these specialised units. Therefore, as our GO population most likely comprises the patients with the gravest manifestations of eye involvement (and hyperthyroidism), we would expect a higher mortality risk in GO patients compared to that in GD patients. Another limitation in the comparison between GD and GO is the lack of information regarding the severity and duration of hyperthyroidism. As it may be expected that GO individuals, on average, have more severe hyperthyroidism, our finding of an equal mortality risk in subjects with GD and GO, further supports that a GO diagnosis is not associated with an increased mortality in Graves' disease patients.
As smoking plays an important role in the development and severity of GO and also increases mortality risk, this lack of information could bias our findings. However, adjusting for the use of drugs for obstructive airway diseases, a disorder very firmly linked to smoking, our findings are, at least partly, adjusted for the possible effect of smoking. Again, as most GO patients are current or previous smokers, this ought to have rendered them at higher risk of dying, thereby, in fact, strengthening our findings.
Future studies should focus on the importance of smoking habits, type and effect of treatment, influence of referral to tertiary centres, comorbidity, work disability and cause of death, to clarify the underlying reasons for the association between gender, age and mortality, and the lack of excess mortality in GO compared to GD. In conclusion, our study provides robust evidence from population-based, nationwide data of both GD and GO being associated with an increased mortality. We show that this excess mortality is influenced by gender, age and burden of pre-existing morbidity. Surprisingly, and in need of further study, a GO diagnosis is not associated with an increased mortality in Graves' disease patients.
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